BRITAIN AND APPALACHIA: A STUDY IN THE CORRELATION AND DATING O F PLANATION SURFACES
(Reader in Geography, University College, London) THE dating of planation surfaces1 and comparison of the erosional histories of widely separated areas can only be satisfactorily achieved if the denudational history of the land is related to the contemporaneous depositional history of the immediately adjacent sea floors.
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of sectton wtthin shaded rectangle FIGURE 1-A theoretical model relating planation surfaces to contemporaneous marine sediments.
Between the continental interior and the ocean deep there are broadly three physical environments. At the landward end, throughout a given geological period, denudation continues more or less uninterrupted whilst at the seaward end deposition is equally dominant. In between these extremes, sometimes erosion, sometimes deposition, will prevail; which of the two it is will be determined by the position of the coastline. This is in turn a reflection of all movements of an orogenic, epeirogenic or eustatic character.2 Figure 1 is an attempt to trace the history of such a continental margin 91 92 BRITAIN AND APPALACHIA through two major periods of advance and withdrawal of the coastline attendant upon flexuring of the land mass. Whilst it is necessarily a simplification of actual earth history, it may serve as a basis for the correlation of planation surfaces between the eastern and western shores of the North Atlantic. At the outset it is assumed that in section A (Fig. 1 ) planation by subaerial processes of an area of consolidated rocks, which for simplicity's sake will be regarded as crystalline in character, has already occurred. This stage is followed in B by widespread marine transgression during which the planation surface will be trimmed to some degree by the waves of the transgressive sea. The advance of the coastline could result from an early phase in the flexure of the continental margin, although simple negative eustatic movements would produce the same effect. Marine deposits 'b' will cover most, if not all, the wave trimmed portion of the sub-aerial planation surface, thus completing the erasure of the pre-existing drainage pattern. As the result of the uplift of the continental mass in C the coast will be caused to withdraw oceanwards and a new set of consequent streams will be initiated on the uplifted sea floor by the extension of streams from P.S.1. The precise pattern of the consequent drainage will reflect the slope and detailed configuration of the newly emergent sea floor. If wave trimming was only slight it may also reflect the pre-existing relief on P.S.l as well as inequalities in the deposition of the cover rock 'b'.
Erosion of the uplifted land mass will lead to the stripping back of the sedimentary cover, as shown in D, the exhumation of the old surface, P.S.l, and the superimposition upon it of the consequent drainage. The retreating edge of the sedimentary cover rock 'b' is shown as having a cuesta form. As erosion proceeds on the land to form planation surface P.S.2 at the expense of P.S.l, section E, so the deposition of sediments 'd' and 'e' occurs. As a consequence of planation 2, P.S.l is now quite separate from its wave-trimmed equivalent which is buried beneath deposits 'b', and the exhumed P.S. 1, much reduced in aerial extent, forms only a minor feature in the landscape. P.S.2 extends across the outcrop of crystalline and sedimentary rocks alike.
In sections D and E it has been assumed for the sake of simplicity that the sea was not cutting its way inland during the creation of P.S.2. This is not likely to be strictly true, but it is perhaps a valid generalization in the light of presentday views as to the very limited ability of waves to cut platforms when sea level is constant. In F a second phase of marine transgression took place greatly facilitated by the prior preparation of a surface of low relief, P.S.2. and a rising sea level. As a result P.S.2 was in part wave-trimmed and buried by the transgressive marine deposits 'f'. The geological consequence was the creation of an unconformity expressed in two ways, first between the transgressive sediments 'f' and the crystalline basement; and, second, between sediments 'f' and 'b'. Here is shown the relationship between the planation surface P.S.2 on the land, the wave-trimmed version of P.S.2, and the equivalent stratigraphical unconformity. From this it can be deduced quite confidently that P.S.2 was created after the deposition of 'b', for these deposits were themselves planed by P.S.2, but before that of 'f' which rest unconformably upon P.S.2 and 'b'. Thus may land reckoning be related to sea time. P.S.l is now even more divorced from its equivalent surface buried beneath 'b'.
If we assume a recurrence of flexure at the continental margin, due perhaps to delayed isostatic compensation for the change in loading of the earth's crust involved in the erosion of P.S.2 and the deposition of 'd', 'e' and 'f', we may with profit trace the changes which are involved in a third cycle of erosion and deposition. In G the coastline is shown as having retreated seawards for a considerable distance as a consequence of the renewed flexure. On the emergent sea floor (the upper surface of cover rock 'f') a new set of extended consequent streams, analagous to those initiated in similar circumstances at stage C, will be formed. This leads in H to the stripping back of 'f' by stream incision and scarp retreat and the superimposition of the drainage upon the exhumed part of the wave-trimmed version of P.S.2. The culmination of this third cycle of erosion is reached in J with the production of planation surface 3 across the crystalline rocks and the sedimentaries 'b' and 'f'. On the crystalline rocks this is at the expense of exhumed P.S.2, and of P.S. 1 and P.S.2, although section J does not show P.S.3 within the two latter. If the fall in base level which initiates the third cycle is to a lesser height than the highest elevation of the unconformity between deposits 'b' and the crystalline rocks, then (as is shown in J) that unconformity will once more come to play a minor role in the landscape as an exhumed P.S. 1. This is more clearly shown in section K where, on the basis of what is presumed to have happened in unglaciated coastal areas during the Pleistocene, it has been assumed that, after wave trimming of the margins of P.S.3 to form the highest wave cut platform shown, a negative movement of base level, essentially eustatic in character, has occurred and the streams have begun to dissect P.S.3 and the wave trimmed version of it, thus reviving P.S.1. and exhuming the surface of contact at the unconformity between 'b' and 'f'; this latter is equivalent in age to P.S.2. A stripped plain has been exhumed from beneath 'h'; it is local in occurrence and does not relate to any major planation surface further inland. During the negative movement of base level still-stands are assumed to have occurred during which wave-cut platforms of small extent were cut. The products of erosion go to form deposits 'k'.
There are at the culmination of this history three major planation surfaces, P.S.l, 2 and 3, the product of three cycles or partial cycles of erosion. Each is related to a set of marine deposits: P.S.l to 'b', P.S.2 to 'd', 'e' and 'f', and P.S.3 to 'h' and 'j'. The fourth cycle of erosion has begun in section K complicated by wave cutting at still-stands in a generally falling base level. This is a complication which may be expected to have occurred at any time previously, although for the sake of clarity it was not taken into account. The deposits 'k' are the first to be laid down in the fourth cycle.
In the continuously oceanic environment the major movements of sea level will be indicated in the deposits by non-deposition, condensed sequences, changes from deep to shallow water deposits and by changes in the fossil fauna, even though the sea floor may never have become a land surface at any time. Thus P.S.l may be related to the unconformity between the crystalline basement and 'b', P.S.2 to the transgressive base of 'f'. Both pairs of surfaces have been subject to flexuring and may be expected to show signs of deformation when they are mapped. This may be done by the method of generalized contours for the planation surfaces and by stratum contours for the stratigraphical horizons. P.S.3 relates to the 'k/j' junction which, because the fall in sea level leading to the dissection of P.S.3 was eustatic, will be more difficult to detect, but the deposits 'j' will be regressive.
Doubtless nature is more complex than even the history outlined in Figure 1 , but we now have a model, even if it is not the only possible one, against which any section we may construct for any continental margin may be measured and an estimate made of the chronological sequence of events through which it has passed.
Appalachian planation surfaces and Coastal Plain deposits
The most convincing of the Appalachian planation surfaces is the Harrisburg. It is known by many different names in the Appalachians, but everywhere west of the Blue Ridge it forms the major surface on the weaker rocks (Fig. 2) . Above it rise the major ridges developed on more resistant sandstones. It is particularly well developed on the limestones of the Great Valley. Many descriptions of it are extant and the details need not concern us.3 It is also clear that more than one phase is included within what is here referred to as the Harrisburg planation surface, but this need not invalidate the following arguments which are concerned with the broad denudation chronology. The rolling surface of the Piedmont, cut across the rocks of the outer Appalachians, is probably the continuation of the same surface. If this is so the Harrisburg planation surface is limited on the east by the Fall Line, from which it rises in elevation up the major valleys such as the Susquehanna from 300 feet to the inner limits of the Ridge and Valley province at over 1200 feet. This very gentle gradient is no more than is to be expected on a sub-aerial planation surface and does not suggest that the Harrisburg surface has been deformed by differential uplift.
The ridge-top surface in the middle Appalachians is the Schooley surface. It comprises some bevelled crests together with a large number of other summits which, although they may have lost their flat tops, still accord in height with the bevelled ones. Much has been written about the multiple character of this surface, but again a generalized view is adopted. When its surface has been mapped by means of generalized contours there seems to be clear evidence that it has been differentially uplifted and ~a r p e d .~ an This is admittedly inconclusive argument as the appearance of warping may result from the overgeneralization of what is in reality an unwarped flight of erosional steps. Its original slope was to the east; and structurally strong points (that is, the ends of pitching anticlines and synclines) stood higher than the average level. Today, after warping, it appears to slope more strongly down to the east, from over 2000 feet on the Appalachian Plateau to 800 feet east of the Blue Ridge. Necessarily the higher the elevation the less satisfactory is the evidence of planation surfaces. There is, however, sufficient land left above 2000 feet to suggest the existence of one further major planation surface. In the Catskills W. Stores-Cole called it the Upland Surface.Vt is quite distinct from the Schooley surface out of which the Catskills rise. Elsewhere authors have in general preferred to include any such fragmentary surfaces with the Schooley surface.6
The deposits of the Coastal Plain vary in age from Cretaceous to Recent. They rest upon the eastward continuation of the Palaeozoic rocks of the Piedmont with marked unconformity. The buried surface of the Palaeozoics is clearly a major planation surface. It is directly overlain by Upper Cretaceous rocks which are being stripped away at the Fall Line to reveal what D. W. Johnson called the Fall Zone Peneplain.7 Eastwards the Palaeozoic floor plunges to depths of the order of 2000 feet below sea level. Below this depth, where Lower Cretaceous rocks rest upon it, there is a suggestion that its gradient increases markedly. The Upper Cretaceous rocks apparently transgress across the Lower Cretaceous on to the Palaeozoics. Here, then, are two buried planation surfaces intersecting at a low angle and an important stratigraphical break of intra-Cretaceous age. The formation of the unconformity and the upper of the buried surfaces were contemporaneous. The latter is clearly the Fall Zone peneplain of Johnson. The lower buried surface is perhaps a Jurassic or even earlier planation surface.
The position of the Fall Line is analogous to that of the exhumed portion of P.S.1 as shown in section K, Figure 1 , but difficulties are encountered when we attempt to correlate the Fall Zone peneplain with the planation surfaces to the west. Is the correlative surface the Harrisburg, the Schooley, the Upland or none of these? There are two further breaks in the stratigraphical column of the coastal plain; the first, between the Cretaceous and the Lower Tertiary (for example, between the Tinton and Hornerstown formations in New Jersey) the latter resting unconformably upon the f~r m e r ;~ the second, between the Eocene and Miocene (in New Jersey the Shark River and Kirkwood formations respectively). There are thus three unconformities in the depositional sequence and three planation surfaces in the erosional sequence. In the light of the events as deduced in Figure I , a tentative correlation of the Fall Zone peneplain with the Upland surface, of the Schooley peneplain with the Cretaceous-Lower Tertiary break and the Harrisburg peneplain with the mid-Tertiary break is suggested; planation surfaces P.S.1, P.S.2 and P.S.3 can thus be identified. Support for these suggestions is given by the fact that the Harrisburg surface is not deformed (that is, it post-dates the last flexure) whilst the Schooley surface is deformed and the Fall Zone peneplain is inclined at an even greater angle than either.
The situation at the hinge line where these surfaces intersect is further complicated by the presence of Pleistocene and possibly Pliocene wave cut benches and their associated deposits.9
British planation surfaces and related unconformities
In Britain the sequence, distribution and intensity of events were not identical with those on the other side of the Atlantic; but it is perhaps insufficiently realized how well the major steps in the sequence do accord. In Britain there are a number of relatively isolated Palaeozoic masses separated by basins of deposition, instead of one land mass flanked by a single zone of deposition. These individual masses have been uplifted to varying degrees during successive cycles. Figure 2 shows a section through two of them and the intervening basin. In the north-west the Palaeozoic mass of Wales now stands higher than the London massif (the Palaeozoic mass which underlies south-eastern England) although at the close of Cretaceous times they were probably both at the same level.
The equivalent of the still buried part of the Fall Zone Peneplain (P.S.1) is to be seen in the London Platform, a widespread planation surface buried by Upper Cretaceous rocks to a depth of 1000 feet. It is apparent that the London Platform is the higher portion of a much more widespread and warped planation surface which plunges down beneath older Mesozoic rocks into the sedimentary basin. The whole surface is, in general terms, the Post-Hercynian surface, a product of long continued sub-aerial erosion, wave trimming and burial in Triassic, Jurassic and Cretaceous times. Its more deeply-buried and steeplyinclined portion is the equivalent of the lower buried planation surface beneath the Coastal Plain. During the build-up of the rocks which cover it there were movements in the Palaeozoic floor of Southern England which are reflected in condensed sequences and unconformities, but in this context they are not important. The build-up of the cover ceased at the close of Cretaceous times when uplift and erosion replaced deposition. The product of this new cycle was an Early Tertiary planation surface equivalent to P.S.2. This is represented by the unconformity between the Lower Tertiary rocks and the Chalk in the London Basin. The truncated upper surface of the chalk is called the subEocene surface. Then followed the last earth movements of significance, the outer ripples of the Alpine storm. These post-date the early Oligocene rocks of the Hampshire Basin. The late Tertiary was almost everywhere in Southern Britain a period of erosion which is represented in the landscape today by the Mio-Pliocene peneplain. Deposition was confined to East Anglia, chiefly during the Pliocene. The Late Tertiary (Mio-Pliocene) peneplain is the equivalent of P.S.3 in Figure 1 ; with which the Harrisburg surface has been matched. Like the latter the Late Tertiary peneplain is undeformed.lo P.S.2, the sub-Eocene surface of south-eastern England, has been exhumed on the dip-slope of the Chilterns below the Late Tertiary bevel on the scarp crest P.S.3. Matters are made more complex by the fact that during exhumation the Calabrian (or 600-foot), wave-trimmed bench and lower minor planation surfaces (such as that at 400 feet), have been cut into the exhumed dip-slope, P.S.2.
The south-east of Britain is the equivalent of the coastal plain of the Eastern U.S.A. where the sedimentary sequence survives; westward are areas where erosion has been more important than deposition and where we might reasonably expect to find the equivalent of the Schooley and Upland surfaces. But the planation surfaces cut in the Palaeozoic rocks of western Britain give little encouragement. It is possible to trace the continuation of the late Tertiary peneplain, P.S.3, into the west as shown on Figure 2 . In Wales the author has attempted to show that there is a 700-1050 feet Low Peneplain, accompanied at lower levels by a staircase of wave-cut platforms similar to that found in the south-east.ll Above 1100 feet, the upper limit of P.S.3, there are at least two other planation surfaces, between 1200 and 1500 feet, the Middle Peneplain, and 1700 and 2000 feet, the High Plateau. In Wales there is nothing to suggest that these are warped, although the mid-Tertiary earth movements are known to have affected the Welsh Palaeozoic mass. It would seem, therefore, that the planation surfaces concerned are earlier, high-level stages of P.S.3, post-dating the mid-Tertiary movements and not the equivalent of either P.S.1 or P.S.2. The sub-division of P.S.3 into several phases has also been noticed in the case of the Harrisburg surface.
If this correlation is correct the westerly extension of P.S.2, the sub-Eocene surface, must be sought at higher elevations than 2000 feet in Wales. All that there is in the way of planation surfaces at such levels are a very few flat-topped summits and a suggestion of an envelope surface through the highest summits. Collectively these may form a summit plain surface. In Devon and Cornwall it has been suggested12 that it remains in a planation surface between 1250 and 1600 feet on Exmoor which, W. G. V. Balchin claims, is warped. East of the Exe R. S. Waters suggests that a distinction can be made between a gentlyflexured early Tertiary wave-trimmed surface (an exhumed P.S.2 as in J, Figure  1 ) on which there remains a residue of wave-worked shingle and, further west, an unwarped, much more even planation surface of late Tertiary age with a cover of angular drift.13 The latter is the equivalent of P.S.3. In the Pennines D. L. Linton has suggested that the Summit Surface between 1600 and 1800 feet may also be Early Tertiary in age,l%lthough it is not obviously warped. In south Devon presumed Oligocene deposits are found down-faulted to at least 650 feet below present sea level. They also outcrop discontinuously on the floor of the English Channel. Between the Welsh massif and that in the southwest of England the early Tertiary surface is also depressed down to at least 150 feet above sea level beneath presumed early Tertiary deposits at Flimston in Pembrokeshire. The picture thus built up is one of a surface raised high and virtually eroded away over the mountain areas, but depressed, sometimes between faults, in the basins, where it was in part covered by near contemporaneous deposits. The deformation was the work of the Alpine earth movernents.15 There is, therefore, little in the present landscape of southern Britain which correlates with the Schooley surface. For Scotland D. L. Linton has argued cogently that the Grampian Main Surface is an early Tertiary planation surface.16 It rises westwards from 2500 feet to over 3000 feet in 50 miles, a gradient which may be partly original but is as likely to be due to eastward tilting.
P.S.l, the post-Hercynian surface, is represented in western Britain by the sub-Triassic surface which at the margins of the Trias outcrop is being exhumed today. It is highly-inclined and not particularly even. Much of the ground below 1200 feet on Palaeozoic rocks may not have been far removed from it, as can be seen on Figure 2 , but the planation surfaces at such altitudes are unwarped and most probably late Tertiary and Quaternary in age, not exhumed portions of a sub-Triassic surface. It is presumed that the Trias was overstepped by the Jurassic and that in turn by the Cretaceous until, like the London massif, the western Palaeozoic masses were also buried by Mesozoic sediments. The drainage pattern can best be explained by superimposition from such a Cretaceous cover.17 In this view nothing remains of the sub-cretaceous surface, i.e. the equivalent of the London Platform; it has been eroded away in the cycles which produced P.S.2 and P.S.3. It must be noted, however, that Linton has suggested that the highest hill summits in Britain west of the main Cretaceous outcrop rise to the level of an easterly-tilted sub-Cenomanian surface and that the quite extensive surface of the Cairngorm summits at 4000 feet may be actual remnants of it. Thus the equivalent of the Upland surface is most likely to be found in Scotland although the Fall Zone peneplain can be equated with the London Platform.
The explanation of the seeming total absence of the equivalent of the Upland Surface in some parts of Britain and the virtual absence of the Schooley equivalent must surely rest primarily in the fact that at no time were the several land masses of Mesozoic and Tertiary times in Britain far removed from base level, which, in the basins, penetrated in between them. In the Appalachians, where base level always lay well to the east after the flexure of the Fall Zone peneplain, there was always a much larger continuous land area and in the inner reaches successive cycles failed to destroy completely the evidence of earlier planation surfaces. It is significant that the strongest case for the existence of the equivalents of the Upland and Schooley surfaces in Britain can be made for the Scottish Uplands, the most extensive and highest of the four Palaeozoic masses in Britain. 
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